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Domain Structure of TbFe Magnetostrictive Films
by MFM
Jhy-Chau Shih, Tsung-Shune Chin, Zhi-Gang Sun, Hong-Wei Zhang, and Bao-Gen Shen
Abstract—TbFe thin films with giant magnetostriction were
deposited by DC magnetron sputtering onto Si(100) substrate at
different sputtering parameters, including substrate temperatures
( , 20–420 C), sputtering power (35–100 W) and sputtering
time (5–30 min). The samples were amorphous as characterized
by XRD. Effect of sputtering parameters on domain structure,
as explored by magnetic force microscopy (MFM), was focused.
The films prepared under different sputtering parameters showed
different domain patterns, such as maze or/and spotty (bubble)
ones. The easy axis either in-plane or out-of-plane is affected by
film-deposition parameters, specifically the film thickness. The
wall energy ( ) increases with film thickness, leading to looser
bubble domains while the magnetic anisotropy constant ( )
decreases with increasing substrate temperature.
Index Terms—Domain structure, domain wall energy, MFM,
perpendicular anisotropy, TbFe thin film.
I. INTRODUCTION
MAGNETOSTRICTIVE TbFe-type (so-called Terfenol)thin films have played important roles in the applica-
tions such as MEM’s and actuators in the past years, because
their magneto-elastic energy densities are very large. One
particular mechanism is related to magnetic perpendicular
anisotropy, arising from internal stresses and/or the microstruc-
ture. In 1973, Chaudhari [1] et al. discovered for the first
time some amorphous rare-earth transition-metal thin films
that show perpendicular magneto-anisotropy. Many of them
exhibit giant magnetostriction [2]. C. Prados et al.reported
that structure anisotropy of TbFe thin films is strongly related
to magnetic anisotropy [3]. Cheng et al. reported that argon
working-pressure affects anisotropy [4]. Many studies indi-
cated that preparation methods affect magnetic properties as
well as magnetostriction of TbFe thin films. Wada [5] and
Speliotis [6] et al.reported that substrate temperatures affect
microstructure, magnetic properties and magnetostriction
during vapor deposition and DC sputtering, respectively.
Grundy [7] et al.found the relationship between domain
structure and grain growth temperature of TbFe films. They
cycled the sample several times between room temperature and
Curie temperature, and found the appearance of crystalline iron
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in the microstructure of thin films, and the disappearance of
perpendicular magneto-anisotropy. By far the magnetostriction
coefficient of Terfenol is the largest among magnetostrictive
materials at both low and room temperatures. However, much
attention has been devoted to their magnetostrictive behaviors,
less attention was paid to the domain structure and its correla-
tion to magnetic and magnetostrictive properties. In this work
we explored using magnetic force microscopy (MFM) the
domain structure of TbFe thin films prepared under different
sputtering parameters.
II. EXPERIMENTAL
Thin film specimens were deposited onto Si(100) sub-
strate by DC magnetron sputtering. An alloyed target with
composition Tb Fe was used. Different sputtering param-
eters were exploited, including substrate temperatures (Ts,
20–420 C), sputtering power (30–100 W) and sputtering time
(5–30min). The deposition rate was around 45 nm per min.
The base pressure was about 7 10 Torr. The working gas
was 99.999% Ar at a constant pressure 7 mTorr and a constant
flow 20 sccm. Phase identification of the studied films was
conducted by x-ray diffractometry (XRD) with Cu K radiation
at room temperature. Energy-dispersive spectroscopy (EDS)
was used to analyze the ratio of components. Domain structure
of the as-deposited thin films was explored by magnetic force
microscopy (MFM, Digital instrument NS3a controller with
D3100 stage). In order to make sure true MFM images, a
format standard sample (tape) was observed before and after
each measurement. SQUID and torque magnetometers were
used to measure the magnetization and magneto-anisotropy,
respectively. The Curie temperature was determined from
the thermo-magnetic curve.
III. RESULTS AND DISCUSSION
Because of the difference in sputter-yields for terbium and
iron, the composition of target was adjusted to accommodate
and attain a correct component ratio in the films. The average
ratio of terbium to iron of thin films characterized by EDS was
33.26 : 66.74 and it was very close to 1 : 2. The film samples
characterized by XRD were amorphous except the specimens
deposited at the substrate temperature 420 C.
Fig. 1 shows the effect of film thickness on domain structure
of as-deposited films. The thickness of Fig. 1(A)–(C) are around
225, 450 and 900 nm, respectively. No domain wall is observ-
able in Fig. 1(A) and the contrast is weak when the sputtering
time is 5 min (225 nm thick). This indicates that the film is not of
perpendicular anisotropy. Increasing sputtering time to 10 and
0018–9464/01$10.00 © 2001 IEEE
2682 IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 4, JULY 2001
Fig. 1. 10 m  10 m domain structure for films sputtered under a base
pressure 8 10 Torr, a working pressure 7 mTorr, a power 50 W, a Ts 360 C
and different sputtering times: (A) 5 min, (B) 10 min, (C) 20 min, respectively.
20 min, Fig. 1(B) and (C), respectively, spotty domains appear
and contrast becomes stronger. Fig. 1(B) and (C) show perpen-
dicular anisotropy, as a result of film thickness.
By the model of spotty domain, the spotty domain density
( ) and domain-wall energy per unit area ( ) can be expressed
as:
(1)
(2)
where
is a constant,
is the saturation magnetization,
is the domain thickness,
is the magnetic anisotropy constant, and
is the exchange interaction constant.
The spotty domain density can be directly counted from the
figure. The numbers of spotty domain in Fig. 1(B) and (C) are
277 and 212, respectively. Fig. 1(C) shows lower spotty do-
main density than that of Fig. 1(B). That is to say the wall en-
ergy increases with increasing film thickness, leading to
looser bubble domains. The thickness of studied film shown
in Fig. 1(C) is twice as thick as it in Fig. 1(B), but the spotty
number ratio of Fig. 1(B) to (C) is less then 2. By equation
(1), the spotty density is proportional to , hence the
wall energy increasing is contributed by domain thickness, but
not by . For sputtered amorphous Tb–Fe films, coercivity or
anisotropy is independent of film thickness as been reported [8].
The result of Fig. 1 agrees with previous statement.
The influence of different substrate temperatures, 20, 350,
360, 380, 390 and 420 C, on domain structure is shown in
Fig. 2. The film thickness in Fig. 2, about 450 nm, is almost
the same for all the films. Fig. 2(A) shows that the film is not
of perpendicular anisotropy. Fig. 2(B) to (D) shows spotty do-
main structure and perpendicular anisotropy. When keeps
on rising to 390 C, domain wall disappears gradually. The
numbers of spotty domain in Fig. 2(B)–(D) are 212, 271 and
340, respectively. From (1) and (2), we know that is in-
versely proportional to , and is proportional to square root
of . This implies that is proportional to . By the
number counting, is found to decrease with increasing
and perpendicular anisotropy disappears as is over 380 C.
At C, the film crystallizes and the domain structure
becomes random, as shown in Fig. 2(F). This result agree with
Fig. 2. 10 m  10 m domain structure of the films sputtered under a base
pressure 8 10 Torr, a working pressure 7 mTorr, a power 50 W, a sputtering
time 10 min and different Ts: (A) 20 C, (B) 350 C, (C) 360 C, (D) 380 C,
(E) 390 C, (F) 420 C, respectively.
Fig. 3. 10 m  10 m domain structure. The films sputtered under a base
pressure 8  10 Torr, a working pressure 7 mTorr, a Ts 20 C, a sputtering
time 10 min and different power (A) 35 W, (B) 70 W, (C) 100 W, respectively.
previous reports, such as A. Speliotis et al. indicated that the di-
rection of magnetic moments in the amorphous films changed
gradually from perpendicular to parallel to the film plane with
increasing [6].
Fig. 3 shows the domain structure of thin films sputtered at
different powers. The film thickness of the three films in Fig. 3 is
again almost the same, 450 nm. Fig. 3(A) and (B) show that the
films sputtered at lower powers, 35 W, 75 W, are not of perpen-
dicular anisotropy. Fig. 3(C) shows that maze domain structure
exists hence it possesses stronger perpendicular anisotropy for
sputtering with higher power, 100 W.
Magnetic properties of a specimen deposited at C
with a film thickness 450 nm, were measured. The domain
structure is shown in Fig. 2(C). The determined from the
thermo-magnetic curve is 134 C. The saturation magnetization
is 5.1 10 A/m determined by a SQUID. The magnetic torque
measurement shows that the film has strong perpendicular
anisotropy with a value 3.2 10 J/m . The domain structure
of this film was observed to be composed of many small light
round dots, forming a regular hexagonal pattern with little
deformation. The dot size is about 450 nm, with a mean free
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path 610 nm between them. The domain wall energy derived
from such a domain structure is 0.95 10 J/m , and the
exchange constant is 1.79 10 J/m.
IV. CONCLUSION
In conclusion, domain structure of TbFe-type magne-
tostrictive films prepared by DC magnetron sputtering has
been studied and correlated to the sputtering parameters. The
perpendicular anisotropy is independent of film thickness. The
magnetic anisotropy constant is affected by film-deposition
parameters and is found to decrease with raising substrate
temperature at –380 C by counting the number
of spotty domain. Perpendicular anisotropy disappears as
rises over 380 C. The maze domain was observed as the
sputtered power increased to 100 W. Magnetic properties and
magneto-anisotropy of a 450 nm-film deposited at 360 C were
determined to be: saturation magnetization 5.1 10 A/m,
perpendicular anisotropy 3.2 10 J/m , dot domain size
about 450 nm, domain wall energy 0.95 10 J/m , and the
exchange constant 1.79 10 J/m.
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